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ABSTRACT
Gaia data release 2 (DR2) provides the best non-rotating optical frame aligned with the ra-
dio frame (ICRF) thanks to the inclusion of about half-million quasars in the 5-parameter
astrometric solution. Given their crucial diagnostic role for characterizing the properties of
the celestial reference frame, we aim to make an independent assessment of the astrometry
of quasars in DR2. We cross-match with Gaia DR2 the quasars from LQAC3, SDSS and
LAMOST, obtaining 208743 new sources (denominated as KQCG). With the quasars already
identified in DR2, we estimate the global offsets of parallaxes and proper motions of different
quasar subsets to check their astrometric consistency. The features of the proper motion field
are analyzed by means of vectorial spherical harmonics (VSH); the scalar field of parallaxes
is expanded into spherical harmonics to investigate their spatial correlation. We find a bias
of ∼ −0.030 mas in KQCG parallaxes, and a bias of −9.1 µas/yr in µα∗; a ∼ +10 µas/yr
bias in µδ consistently found in the entire quasar sample. The results of the VSH analysis on
different subsets indicate good agreement between them. The proper motion field exhibits a
(−6,−5,−5)± 1 µas/yr rotation in the northern hemisphere and a rotation of (0,+1,+3)± 1
µas/yr in the southern one. The spherical harmonics expansion of the parallax field reveals an
angular scale of systematics of ≈18 degrees with a RMS amplitude of 13 µas. The positional
comparison shows that the axes of the current Gaia Celestial Reference Frame and the ICRF2
are aligned within 30 µas.
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1 INTRODUCTION
The second Gaia data release (Gaia DR2) contains astrometric data
for 1.693 billion sources from magnitude 3 to 21 based on the ob-
servations of the European Space Agency Gaia satellite during the
22-month period between 25 July 2014 and 23 May 2016 (Linde-
gren et al. 2018), hereafter cited as Gaia-DR2 Astrometry paper.
Among all the sources with a full 5-parameter astrometric solu-
tion, DR2 provides more than 550 000 quasars, obtained from a
positional cross-match with the ICRF3-prototype and the AllWISE
AGN catalogues. These quasars are made to represent a kinemat-
ically non-rotating reference frame (the celestial reference frame
of Gaia, or Gaia-CRF2) in the optical domain (Gaia Collaboration
et al. 2018), hereafter denoted as Gaia-CRF2 paper.
Quasars (or QSOs) are extremely distant and small in appar-
ent size. They are essential for absolute astrometry in the sense that
they present no significant parallax or proper motion. Thus, they
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are ideal objects to investigate the properties of an astrometric solu-
tion. Besides the AllWISE AGN catalog (Secrest et al. 2015), there
are other catalogues that can enlarge the sample of quasars in Gaia
DR2, such as the Large Quasar Astrometric Catalogue (LQAC)
(Souchay et al. 2015), the spectroscopically confirmed quasars in
the SDSS-DR14 Quasar Catalog (Pâris et al. 2017) and the spec-
troscopically confirmed quasars in LAMOST DR5 using LAM-
OST spectroscopic data (Cui et al. 2012); all these have been cross-
matched with DR2 sources and collected in a comprehensive cata-
log named "Known Quasars Catalog for Gaia" (KQCG) (Liao et al.
2018). The aim of this paper is to make an independent assessment
of the astrometry of quasars in DR2.
After describing the quasar selection process in section 2, we
address the global parallax and proper motion bias in section 3.
In section 4, we discuss the analysis of the proper motion field;
the scalar spherical harmonics analysis of parallaxes is presented
in section 5, and section 6 is devoted to the comparison between
ICRF2 sources and their counterparts in Gaia DR2.The last section
reports our conclusions.
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Figure 1. The sky distribution of KQCG. The map shows the sky density
with each cell of approximately 0.84 deg2, using the Hammer-Aitoff projec-
tion in Galactic coordinates with zero longitude at the centre and increasing
longitude from right to left.
2 DATA USED
Gaia DR2 includes 555934 quasars matched to the AllWISE AGN
catalogue, plus 2820 sources matched to the ICRF3-prototype
(Lindegren et al. 2018; Gaia Collaboration et al. 2018). The
union of these two sets makes a total of 556869 sources, de-
noted as GCRF2. Among these, 485985 sources matched to the
AllWISE AGN catalog are used to define a kinematically non-
rotating reference frame, and are identified in the Gaia Archive
by the field f rame_rotator_ob ject_type = 3 (Type3); whereas
the 2820 sources matched to the ICRF3-prototype and used to
align the GCRF2 axes with the radio ICRF are indicated by
f rame_rotator_ob ject_type = 2 (Type2).
To maximize the size of our quasars sample, we cross-matched
Gaia DR2 with the compilation of SDSS-DR14Q, LQAC3 and
LAMOST DR5 which are known to contain a huge number of reli-
able QSOs/AGNs. For the final selection, we adopt the joint condi-
tions in Equation (14) of the Gaia DR2 Astrometric paper in order
to reduce the risk of stellar contamination, as reported below:
(i) astrometric_matched_observations ≥ 8,
(ii) astrometric_params_solved=31,
(iii) |(ω+ 0.029mas)/σω|<5,
(iv) (µα∗/σµα∗ )2 + (µδ/σµδ)2 < 25,
(v) |sinb|>0.1
(vi) ρ<(2 arcsec)×|sinb|
Where ρ is the radius for the positional matching, b is the Galactic
latitude.
With these precepts, we found 208743 new quasars (KQCG)
in Gaia DR2. There are about 87% of the quasars located in the
northern hemisphere. The sky density distribution of the KQCG
catalog is depicted in Figure 1; Figure 2 shows the histograms of
the G-magnitude distribution for the GCRF2 and KQCG samples,
indicating that our additional quasars populate the dimmer end, and
most of them are fainter than G = 19.
3 GLOBAL BIAS
3.1 Parallax zero point
Figure 3 shows the distribution of parallaxes for the complete
KQGC (red curve) and the high-precision subset (blue curve). The
mean and median parallax of the whole sample are −0.0330 mas
and −0.0278 mas, respectively; the corresponding values for the
high-precision subset are −0.0270 mas and −0.0264 mas. Table
1 gives the different averages calculated for each data sample. The
Figure 2. G magnitude distribution of the Gaia-CRF2 sources and the
KQCG sources.
Figure 3. Parallaxe distribution for the KQCG quasars. Outer (red) curve is
the whole KQCG sample; inner (blue) is the subsample of 143806 sources
with σω<1 mas.
Figure 4. Proper motions distribution for the KQCG. The red curve is the
proper motions in right ascension µα∗ and the blue is the proper motions in
declination µδ.
weighted mean parallax is consistent between different subsets, set-
ting to about −0.029 mas. However, the mean parallax for Type2
is sensibly smaller, offsetting by 0.02 mas from the other sam-
ples. Plots of parallax versus magnitude and effective wavenumber,
closely related to the source colour, are shown in Figure 5, which
reveals the presence of trends in the systematic parallax error, with
an excursion of ∼0.020 mas over the range covered by the data.
3.2 Proper motion bias
Besides parallaxes, the proper motions of quasars are also nomi-
nally zero (the Galactic acceleration effect is neglected here). Fig-
ure 4 shows the distribution of the proper motion for the KQCG
MNRAS 000, 1–7 (2015)
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Figure 5. Parallaxes of the KQCG quasars plotted against Gaia G magni-
tude (top), colour (bottom). The yellow dots are the parallax data points, the
blue lines are the parallax medians ωmed of each running-bin.
Table 1. The mean and median parallax (in mas) of different quasar sub-
sets. The formal parallax error is used as weight to calculate the weighted
average.
Subset N Mean Weighted Mean Median
KQCG 208743 -0.0330 -0.0291 -0.0278
GCRF2 556869 -0.0308 -0.0292 -0.0287
Type2 2843 -0.0511 -0.0382 -0.0351
Type3 485985 -0.0284 -0.0283 -0.0281
sample; Table 2 gives the mean and median proper motion of the
different subsets. For the GCRF2 sample we obtain +1.8 µas/yr
and −1.5 µas/yr in µα∗, which is near zero; however, the mean
and median in µδ raise to +12.3 µas/yr and +11.7 µas/yr. For the
KQCG sample, the corresponding values are −8.7 µas/yr and −7.5
µas/yr in µα∗, and +8.3 µas/yr and +11.4 µas/yr in µδ, respec-
tively. Looking at the Type2 sample, we get +10 µas/yr in both
components. If we take weighted averages based on formal errors,
only the KQCG sample has a significant bias of about −9.1 µas/yr
in µα∗, while there is a common bias of +10 µas/yr in declination
for all subsets. The distribution of proper motion versus magni-
tude and effective wavenumber of KQCG and GCRF2 are plotted
in Figures 6 and 7. In the second panel of Figure 7, the median
proper motion of µα∗ trends from positive to negative at the effec-
tive wavenumber νe f f ∼ 1.58 µm−1 ; this result seems in agreement
with the findings of the Gaia-DR2 Astrometric paper, see their Fig-
ure 3. Interestingly, the KQCG sample does not clearly follow the
same trend as function of the effective wavenumber, suggesting ei-
ther a different correlation between magnitude and color for these
quasars, or a more complex color dependence of the astrometric
calibration for fainter objects.
4 ANALYSIS OF THE PROPER MOTION FIELD
In this section, we perform the vector spherical harmonics (VSH)
analysis of different quasar samples. The results of the VSH analy-
sis are listed in Table 3. After adding the KQCG sample to GCRF2
(KQCG plus GCRF2, denoted as KG), rotation and glide do not
change very much between the harmonics of degree l = 1 and l = 10,
and agree well with the results of the GCRF2 sample. Since the
quasars in KQCG are mostly fainter than 19 and are not uniformly
distributed, we also compare two subsamples (19 ≤ G< 20 and G≥
20) of KG and GCRF2. The results agree with each other, which
indicates consistency between the astrometric solutions.
As pointed out in Section 3.2, the median proper motion of µα∗
trends from positive to negative at the effective wavenumber νe f f ∼
1.58 µm−1 for GCRF2 sample. The VSH analysis result shows that
the two quasar subsets (νe f f ≥ 1.58 and νe f f < 1.58) have a similar
glide but a very different rotation (mainly x and y components).
The glide results agree with different subsets with a typical
glide value of (−9,+5,+12)± 1 µas/yr. If we subtract the global
proper motion bias in both components before performing the VSH
analysis, the typical glide is (−9,+5,−2)± 1 µas/yr, see the rows
marked with ∗ in Table 3.
We also tried to fit a pure rotation to the proper motions, using
the following equations (Mignard & Klioner 2012):
µα∗ = −wX cosαsinδ−wY sinαsinδ+ wZ cosδ
µδ = +wX sinα−wY cosα (1)
Where wX , wY , and wZ are the three spin rates of the proper
motion field. We apply this fit to further investigate the spin rate of
different quasar subsets in the northern and southern hemisphere.
The results are shown in Table 4. For the Type2 quasars, no signif-
icant spin difference between the two hemispheres is found. How-
ever, for the other quasar subsets, the spin rate is clearly above
the statistical noise in the northern hemisphere, but negligible in
the southern one; this feature could be explained by a north/south
dichotomy in the magnitude and color distribution of the fitted
quasars, or by a global positional rotation between the northern and
southern subsets inducing a rotation in the proper motion field.
5 THE SCALAR SPHERICAL HARMONICS EXPANSION
OF PARALLAXES
The parallaxes of quasars can be treated as parallax residuals, and
can be seen as the radial part of spatial position differences on
the celestial sphere. Therefore, they represent a scalar field on the
sphere surface that can be expanded in terms of spherical harmon-
ics (SSH) as follows (Bucciarelli et al. 2011):
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Table 2. The mean and median proper motion of different quasar subsets. The proper motion error is used as weight.
Subset N
µα∗(µas/yr) µδ(µas/yr)
Mean Weighted Average Median Mean Weighted Average Median
KQCG 208743 -8.7 -9.1 -7.5 +8.3 +11.1 +11.4
GCRF2 556869 +1.8 -0.7 -1.5 +12.2 +12.3 +11.7
Type2 2843 +16.1 +2.9 +10.5 +19.3 +14.7 +8.1
Type3 485985 +0.3 -1.3 -1.4 +11.9 +11.8 +11.7
Figure 6. Proper motions of the KQCG plotted against the Gaia G magnitude and colour (the first and second panel from the left are for µα∗, and the third and
fourth are for µδ). The yellow dots are the proper motion data. The green line is the mean proper motion, while the red lines are the proper motion medians of
each running-bin.
Figure 7. Proper motions of the GCRF2 plotted against the Gaia G magnitude and colour (the first and second panel from the left are for µα∗, and the third and
fourth are for µδ). The yellow dots are the proper motion data. The green line is the mean proper motion, while the red lines are the proper motion medians of
each running-bin.
for m ≥ 0, and we have Yl,−m(α,δ) = (−1)mY∗lm(α,δ) for m < 0.
The ∗ denotes complex conjugation, and Plm(x) are the associated
Legendre polynomials.
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Where R and I denote the real and imaginary part of the function.
Starting from the definition of power as the integral of the squared
function divided by the domain area, by virtue of Parseval’s Theo-
rem we can express the total power per degree l of ∆pi(α,δ) in terms











Normalizing each coefficient of the above sum by its formal error,
assuming white Gaussian noise, we obtain a χ2-distributed vari-
able with 2l + 1 degrees of freedom, which can be used to test the
statistical significance of the corresponding degree. A more robust
form of test variable, still χ2-distributed, is given by equation (87)
of Mignard & Klioner (2012), or the derived quantity Zχ2 which
follows a standard normal distribution (see Eq. (85) of Mignard
& Klioner (2012)) and it is the one we used in the present analy-
sis. The results of the SSH analysis, having subtracted beforehand
the bias to each parallax, are summarized in Table 5. Note that a
value of Zχ2 > 2.33 corresponds to a confidence level of 99%, or
2.33σ of a normal distribution. The parameter (Pl/4pi)1/2 repre-
sents the RMS value of the scalar field for the corresponding de-
gree l. The expansion of Type2 subset does not present particular
signatures, while the other subsets show significant powers for de-
grees l = 1 and l = 4. The total RMS value for l ≤ 10 (angular scales
≥ 180/l=18 degree) of each subset is about 13 µas (apart from
Type2). Using a different spatial correlation technique, the Gaia-
DR2 Astrometry paper (Lindegren et al. 2018) reports an angular
scale of 14 degrees with a RMS amplitude of 17 µas, which is in
good agreement with our results.
6 ICRF2 SOURCES IN GAIA DR2
In this section, we compare the VLBI positions of ICRF2 sources
(Fey et al. 2015) with their optical counterparts in Gaia DR2.
After cross-matching, 2146 ICRF2 sources are found in the
Gaia DR2 sources, with sky distribution given in Figure 8. Most
angular differences ρ between matched sources are smaller than 1
mas, and just a few sources have ρ > 10 mas, see Figure 9 for color-
MNRAS 000, 1–7 (2015)
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Table 3. VSH analysis of the proper motion field of different quasar subsets in Gaia DR2. In the rows marked with ∗ the mean proper motion is subtracted





x y z x y z
GCRF2 5 556869 -5.5±1.1 -7.4±0.9 5.6±1.2 -9.2±1.2 4.7±1.0 11.6±1.0
∗ 5 556869 -5.5±1.1 -7.4±0.9 3.5±1.2 -9.1±1.2 4.8±1.0 -2.9±1.0
19≤G<20 5 257446 10.9±2.3 3.5±1.8 6.7±2.5 -7.8±2.5 1.9±2.0 16.8±2.0
G≥20 5 148910 3.3±6.0 27.5±5.4 5.4±7.2 -15.3±6.7 12.6±5.7 7.6±5.7
νe f f ≥1.58 5 416380 -7.3±1.3 -10.0±1.0 5.9±1.4 -8.6±1.4 4.0±1.1 12.0±1.1
νe f f <1.58 5 140489 6.9±2.5 10.6±2.5 5.5±3.0 -15.1±2.8 7.2±2.8 13.4±2.5
KQCG 1 208743 9.6±2.6 7.6±1.9 -16.3±2.6 - - -
νe f f ≥1.58 1 185360 7.8±2.7 6.7±2.0 -16.7±2.7 - - -
νe f f <1.58 1 22526 25.5±8.1 18.3±6.4 -10.7±8.3 - - -
KQCG+GCRF2
1 765612 -2.2±0.8 -1.2±0.7 -2.0±0.8 -6.3±0.8 4.7±0.7 11.8±0.7
5 765612 -4.5±1.1 -6.8±0.9 5.2±1.2 -9.1±1.2 4.5±1.0 11.7±1.0
10 765612 -4.6±1.5 -7.6±1.2 6.7±1.5 -11.7±1.6 5.0±1.2 13.2±1.3
∗ 5 765612 -4.5±1.1 -6.8±0.9 6.5±1.2 -9.0±1.2 4.6±1.0 -1.5±0.9
19≤G<20 5 329900 11.2±2.2 1.4±1.7 6.6±2.4 -8.4±2.4 1.8±1.9 15.7±1.9
G≥20 5 273836 5.1±5.6 23.3±4.6 9.0±6.1 -15.6±6.2 5.4±4.8 6.7±4.9
Type3
1 485985 -3.8±0.8 -3.2±0.7 -0.9±0.9 -6.9±0.8 4.6±0.8 11.5±0.8
5 485985 -5.0±1.1 -8.4±0.9 5.6±1.2 -10.0±1.2 4.9±1.0 10.8±1.0
∗ 5 485985 -5.0±1.1 -8.4±0.9 5.2±1.2 -9.9±1.2 5.0±1.0 -3.3±1.0
Type2
1 2843 -25.0±6.2 -1.5±5.8 2.0±6.6 -8.8±6.3 -1.1±6.2 24.7±5.5
5 2843 -28.1±7.8 -2.8±7.1 5.0±8.6 -9.1±8.7 8.0±7.6 20.0±7.0
∗ 5 2843 -28.0±7.8 -2.9±7.1 -14.1±8.6 -9.0±8.7 7.8±7.6 -2.8±7.0








KQCG+GCRF2 765612 -2.1±0.8 -0.8±0.7 -2.4±0.8
North 465093 -3.4±1.0 -2.2±0.9 -7.3±1.2
South 300519 0.0±1.1 0.9±1.0 3.0±1.2
GCRF2 556869 -3.1±0.8 -1.9±0.7 -1.0±0.9
North 285806 -5.6±1.1 -4.5±1.0 -5.2±1.3
South 271063 -0.3±1.2 0.8±1.0 3.0±1.2
Type3 485985 -3.3±0.8 -2.8±0.7 -0.9±0.9
North 247999 -5.7±1.1 -5.5±1.0 -5.1±1.3
South 237986 -0.6±1.2 -0.1±1.0 2.9±1.3
Type2 2843 -23.1±5.8 2.3±5.4 2.7±5.6
North 1635 -25.1±7.1 -6.9±6.5 2.6±8.5
South 1208 -17.8±10.3 9.0±9.7 1.5±10.7
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Table 5. The spherical harmonics expansion of the parallaxes of different quasar subsets. The parallax bias is subtracted before the expansion. All solutions
are weighted.
KQCG+GCRF2 Type2+Type3 Type3 Type2 GCRF2





1 5.1 5.9 5.9 7.2 5.8 7.0 12.3 1.2 5.2 5.9
2 3.1 2.6 2.8 2.4 3.1 2.7 18.7 2.1 2.8 2.0
3 4.2 4.2 4.9 5.5 4.8 5.3 16.7 1.1 4.3 4.2
4 5.5 5.6 6.8 7.8 7.0 7.9 16.8 0.6 5.9 6.0
5 4.9 5.0 4.6 4.7 4.6 4.6 21.2 1.5 4.8 4.7
6 3.3 1.8 4.1 3.5 4.4 3.9 24.7 2.1 3.3 1.7
7 4.2 3.9 4.2 4.0 4.3 4.0 21.7 1.1 4.0 3.4
8 3.3 1.8 3.2 1.6 3.3 1.8 18.5 -0.2 3.2 1.5
9 3.3 2.7 3.5 3.1 3.5 2.9 24.5 1.8 3.5 2.9
10 3.9 3.8 3.4 2.6 3.4 2.5 27.0 2.6 3.8 3.3
Figure 8. Sky distribution of ICRF2 sources found in Gaia DR2, Hammer-
Aitoff projection in equatorial coordinates. Blue dots are defining sources
(D), green dots are VLBA Calibrator Survey sources (VCS V), and blacks
are non VCS sources (N).
Figure 9. Scatter plot of position differences in right ascension and decli-
nation (Gaia DR2 minus ICRF2).
coded scatter plot of position differences ρ in right ascension and
declination.
Figure 10 shows a plot of color-coded angular separations be-
tween matched sources in the plane of formal positional uncertain-
ties σDR2 , σICRF2 . Most of the sources in Gaia DR2 have position
uncertainties under 1 mas, while the uncertainties of the sources in
ICRF2 range from 0.04 mas to 10 mas with few even up to tens
of mas. Some sources with small position uncertainties show large
angular differences, which may caused by an offset between the
centers of emission at optical and radio wavelengths.
The alignment of the optical positions in Gaia DR2 with re-
spect to the ICRF2 can be modelled by an infinitesimal solid rota-
Figure 10. The formal position uncertainties σpos,max of the Gaia DR2
sources (abscissa) with respect to the ICRF2 sources (ordinate). The color
bar on the right is the position differences ρ (in mas) between Gaia DR2 and
the ICRF2 sources. The axis is log-log scale.
tion with the following equations (Mignard & Klioner 2012):
∆α∗ = −X cosαsinδ− Y sinαsinδ+ Z cosδ
∆δ = +X sinα− Y cosα (6)
Where ∆α∗ = ∆αcosδ, and X , Y and Z are the three rotation an-
gles between the two reference frames.
The weighted least-squares estimation of the orientation pa-
rameters between Gaia-CRF2 and ICRF2 are listed in table 6. No
significant rotation is found at the level of 0.03 mas in position.
This indicates that the axes of Gaia-CRF2 and the ICRF2 are well
aligned with each other within 30 µas.
7 CONCLUSIONS
We cross-matched the quasars from the compilation of the SDSS-
DR14, LQAC3 and LAMOST DR5 with Gaia DR2, and found
208743 extra quasars in Gaia DR2, which is about 37% of the
Gaia-CRF2 sample. We used this independent sample and the al-
ready known quasars in DR2 to investigate the properties of the
QSOs solution, also by comparing the astrometric residuals of var-
ious quasar subsets in DR2. In general, we obtained consistent re-
sults between the samples; some signatures varying with different
subsets, and clearly above the statistical noise, are still compatible
MNRAS 000, 1–7 (2015)
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Table 6. Global difference between the Gaia-CRF2 positions of ICRF sources and their positions in ICRF2.
Subset N X (µas) Y (µas) Z (µas)
All 2146 -3.6± 27.5 27.2±26.9 3.8±25.7
Defining 257 -19.1 ± 36.2 30.4± 35.0 -32.9± 37.0
Non-defining 1889 12.1 ± 37.7 25.2 ± 37.1 26.6± 32.9
with systematic errors depending on source position, magnitude
and color not completely cured in the second release of the Gaia
data, as discussed in the Gaia-DR2 astrometry paper. The results of
our analysis are summarized below :
(i) The parallaxes of our KQCG sample have a mean bias of
−0.0330 mas and a median of −0.0278 mas, which agree well with
the results of the GCRF2 sample; we note, however, that the mean
parallax of Type2 subset in GCRF2 is 0.02 mas smaller.
(ii) There is a −9.1 µas/yr bias in µα∗ of the KQCG sample,
and a bias of about +10 µas/yr in µδ for all quasar subsets. The
mean systematic error in µα∗ trends from positive to negative at the
effective wavenumber νe f f ∼ 1.58 µm−1 for the GCRF2 sample.
(iii) The VSH method is applied to the proper motion vector
field of different quasar subsets. The results for different subsets
agree with each other. For Type2, no significant rotation difference
between northern and southern hemisphere is found. However, the
GCRF2 and other subsets shows a different rotation between two
hemispheres.
(iv) The spherical harmonics expansion of the parallaxes shows
an angular scale of 18 deg with an RMS amplitude of 13 µas.
(v) The comparison of the VLBI-based positions of ICRF2
sources and their Gaia DR2 counterparts shows that the axes of
Gaia-CRF2 and the ICRF2 are well aligned with each other within
30 µas.
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